imaging experiments with humans. Studies using magnetic source imaging revealed that the cortical representation of the left-hand digits of string players was larger Summary than that of control subjects (Elbert et al., 1995). Training on a sequence of finger movements over a few weeks The primary motor cortex (M1) is known to control resulted in enlarged activation of the primary motor cormotor performance. Recent findings have also implitex when subjects performed the practiced sequence, compared to a novel, unpracticed sequence (Karni et al., cated M1 in motor learning, as neurons in this area 1995). Using transcranial magnetic stimulation (TMS), show learning-related plasticity. In the present study, Pascual-Leone and colleagues found that both mental we analyzed the neuronal activity recorded in M1 in a and physical practice led to an improvement in fiveforce field adaptation task. Our goal was to investigate finger piano exercises. Such improvement was associthe neuronal reorganization across behavioral epochs ated with the modulation of cortical motor output to the (before, during, and after adaptation). Here we report muscles utilized in the task ( quence of movements, and suggested that these After recovery, the cortical area deprived of the sensory neurons might be involved in the acquisition of new input from the amputated part was activated by stimulasequential procedures (Nakamura et al., 1998). Previous tion of an adjacent body part. Similar observations have studies on the neural correlates of long-term memory been made when a lesion was selectively placed in a had also revealed neuronal plasticity associated with small, circumscribed cortical area (Xerri et al., 1998).
. In the present study, we investigated the changes of the neuronal activity "hits" for each of the eight movement directions. Each experiment lasted for approximately 2 hr. In each sesof the primary motor cortex (M1) with respect to the parameters characterizing their tuning curves. We found sion, one of two curl, viscous force fields-clockwise or counterclockwise-was applied in the Force epoch that two different classes of memory cells coexist and balance each other after exposure to the force field.
( Figure 1C ). These force fields imposed predictable changes on the muscular activity in the Force epoch When the entire population was considered, the changes of preferred direction across behavioral epochs ob-( Figure 1D ). To characterize the "goodness" of movements, we served for neurons matched the corresponding changes observed for muscles. This match was due to the conderived the speed profile from each trajectory. We then computed a correlation coefficient (CC) measuring the current presence of the two classes of memory cells. similarity between the actual speed profile and an ideal speed profile (Shadmehr and Mussa-Ivaldi, 1994 ). The Results values of the CC range between Ϫ1 and 1, and are close to 1 when the actual speed profiles are close to ideal.
Adaptation to the Force Field
The results of a representative experimental session are Two monkeys performed center-out visually instructed depicted in Figure 2 . In the Baseline, when no force reaching movements. The monkeys held the manipulanwas present, the CC was high and the trajectories were dum of a two-degree-of-freedom, lightweight, low-fricstraight. When a counterclockwise force field was introtion robot arm. The position of the manipulandum and duced, the performance deteriorated (the CC dropped) the targets were displayed on a computer monitor and trajectories deviated in the direction of the force. placed in front of the monkey ( Figure 1A ). This setup was As the monkey adapted to the perturbation, however, essentially identical to that previously used in human trajectories returned straight and the CC reached a behavioral studies (Shadmehr and Mussa-Ivaldi, 1994) . steady state. During the late Force epoch, the perforIn the task, the monkeys performed delayed, visually mance was essentially indistinguishable from the Baseinstructed, reaching movements, as illustrated in Figure  1B . Each experimental session was divided into three line. When the force field was removed, in the Washout, an "aftereffect" was observed in which the trajectories direction (Pd) was defined as the direction of the vector sum of the vectors representing the activity for each of deviated in a way that mirrored the change in the early Force. After a brief readaptation phase, the movement the eight directions of movement. (2) The average firing frequency (Avf) was defined as the average of the neutrajectories again became straight and the CC regained its original high values. ronal firing rates in the eight movement directions. (3) The tuning width (Tw) was defined as the angle over The activity of neurons in the primary motor cortex (M1) was recorded while monkeys performed during the which the activity was higher than half of the maximal activity (maximum of the tuning curve). The Pd and Tw Baseline, Force, and Washout epochs. In the analysis presented in the following sections, we focused on the were computed only for those neurons showing a significant nonuniform distribution of activity across the eight neuronal and muscular activity recorded in trials with similar kinematics. In other words, we only considered movement directions (pR Ͻ 0.05, Rayleigh test). The neuronal activity in the Baseline, Force, and Washout trials corresponding to the three bottom panels of Figure  2B and to the steady-state regions of the correlation epochs were statistically compared in terms of the three parameters used to characterize the tuning curve. The coefficient. Thus, we were able to dissociate the neural activity related to the kinematics from the activity related comparison was made separately for each parameter. Neurons whose activity remained invariant across the to the dynamics of movement. In the Force epoch, the kinematics were essentially the same as in the Baseline three behavioral epochs (x-x-x) were called kinematic cells, as their activity appeared to be correlated with (i.e., the trajectories were straight and the speed profiles were close to ideal). However, the dynamics were differthe kinematics of the movement. Neurons whose activity was modulated by the force field (x-y-x) were called ent since the monkeys compensated for the external force field in the Force epoch but not in the Baseline. dynamic cells. Some cells, modulated by the force field, retained their modulation in the Washout epoch such In addition, we were able to dissociate the motor performance from the effects of motor adaptation. In the that their activity profile in the Washout was more similar to that in the Force than in the Baseline epoch (x-y-y). Washout, the performance of the monkeys was essentially identical to the Baseline, both in terms of the kineThese neurons were named "memory" cells, as they appeared to maintain in the Washout a memory trace matics and the dynamics of movement. Differences in activity between the Washout and the Baseline epochs of the force field imposed in the Force epoch. We also found another class of cells whose activity was not modwere therefore attributed to the effects of adaptation. These considerations served as the basis for classifying ulated by the force but was modulated in the Washout (x-x-y). We classified the (x-x-y) cells as memory cells neurons.
because their activity in the Washout was different from the Baseline. We named the (x-y-y) and (x-x-y) cells Class Neural Plasticity in M1 I and Class II memory cells, respectively. In some in-A total of 162 neurons were considered for the present stances, cells were modulated by the force and again analysis. For each trial, we analyzed the neuronal activity in the Washout (x-y-z). from 200 ms before the onset of the movement to the end Figures 3A-3E show examples of kinematic, dynamic, of the movement (movement-related activity). A tuning and memory cells. Since the preferred direction (Pd), curve was constructed from the neuronal activity of the average firing frequency (Avf), and tuning width (Tw) eight directions of movement. Three parameters were used to characterize each tuning curve. (1) The preferred were used separately to characterize the neuronal activ- up to the end of movement). We represented the activity imposed a constraint on the change in muscle activity following adaptation to the force field ( Figure 1D ). Briefly, of each muscle with a tuning curve and defined a preferred direction. The curl fields used in the adaptation when monkeys performed in the Force epoch, the external force summed with the force exerted by the muscles paradigm provided an isotropic (rotation-invariant) perturbation, in that the external force was always orthogoon the hand. As a result, the preferred direction of the muscles rotated in the direction of the external force nal to the movement for all eight directions. This choice field. Because the perturbation was isotropic, the rotachanges observed for muscles. As a population, the Pd of neurons shifted in the direction of the applied force tion occurred for all muscles in the same directionclockwise or counterclockwise depending on the force in the Force epoch and shifted back in the opposite direction in the Washout epoch. The magnitude of the Pd field used-irrespective of their initial preferred direction.
shift of the neuronal population (16.2Њ Force-Baseline; Ϫ14.3Њ Washout-Force) was smaller, though comparaThese predictions were experimentally confirmed. For muscles, the directional tuning of the EMG activity ble, to that observed for muscles (18.8Њ Force-Baseline; Ϫ21.7Њ Washout-Force). changed in the direction of the applied force in the Force epoch and returned to the baseline in the Washout ep-
The match between the neuronal population and the muscle activity could be accounted for by the presence och. Figure 7 shows the EMG data collected from four muscles recorded with a clockwise force field. and motor learning. After readaptation in the nonperment through its projections to the subcortical structurbed condition (Washout), the neuronal population retures and the spinal cord, then its overall output should turns to a state statistically indistinguishable from the be the same in the Washout and in the Baseline. In initial state (Baseline). Correspondingly, the motor perother words, in order to subserve the function of motor formance, as dictated by the activity of the neuronal performance, the neuronal population of M1 must transpopulation, assumes similar values in terms of both the mit analogous commands before and after the adapkinematics and the dynamics of movements. At the sintation experience. On the other hand, this and other gle cell level, however, the activity of neurons after restudies provide evidence for neural plasticity in M1 assoadaptation still reflects the previous adaptation to the ciated with motor learning. In the present study, we force field. Such plasticity parallels the development of show that plastic changes in memory cells outlast the an internal model of the dynamic environment. exposure to the force field, reflecting the development of an internal model. These findings suggest that M1 is also involved in motor learning. But how can these two Neuronal Plasticity and Short-versus Long-Term Motor Learning functions, of motor performance and motor learning, be achieved by the same neuronal population? Two
In the present study, we used the correlation coefficient (CC) as an indicator of behavioral performance. From a findings reported here are relevant to this issue. First, two classes of memory cells were found. With regard psychophysical standpoint, the observation of the CC revealed several stages of motor learning. First, within to the change of preferred direction, these two classes balanced each other in the Washout. Second, when the each session, the CC increased across trials in the Force epoch, as illustrated in Figure 2A . We refer to this stage entire neuronal population was considered, the changes of preferred direction matched the changes observed as motor adaptation, or short-term learning. Second, we computed the mean CC in the Force epoch for each for muscles. Taken together, these findings suggest that while single neurons change their activity when a new session (i.e., for each day) and studied its trend across sessions. The mean CC increased, and reached a plainternal model is developed (motor learning), the entire neuronal population reorganizes itself to transmit a sigteau within 15-25 sessions in the same force field (data not shown). Third, for both monkeys, the mean CC nal appropriate for the behavioral goal (motor performance). et al., 2000) . models could be switched on and off at "no cost." Instead, this observation suggests that even in the plateau Overall, a growing body of evidence supports the idea that neuronal plasticity can occur over a very short peregion of the long-term learning, the monkeys were still completing the development of the internal models for riod of time. Mechanisms previously proposed in a number of studies, such as the unmasking of preexisting the force fields. In the interpretation proposed, the neuronal plasticity horizontal synaptic connections, could account for the plasticity observed here together with its time scale ( terpretation can also be considered. The changes of the tuning curves outlasting the dynamic adaptation might The data reported here were collected starting from the first day the monkeys were exposed to the force reflect the temporal "nonstationarity" of the cortex. In an always-changing environment, the nervous system fields up to sessions well within the long-term learning plateau. Different classes of cells, including memory constantly reorganizes itself to meet its needs. In the motor areas of the cerebral cortex, the reorganization cells, were recorded in all phases of the long-term learning curve, and sometimes in the same session. Although occurs to accomplish the desired motor acts. While subsequent changes overwrite each other, any time the we cannot conclude from the present data that the neuronal plasticity observed here is directly related to longnervous system encounters a new environment, a subpopulation of neurons modify the activity to accommoterm motor learning, the fact that the neurons exhibiting plasticity were found in the behavioral plateau remains date the new conditions. In this view, our observations are the fingerprints of a continuous reorganization of intriguing. Indeed, some indication suggests that the monkeys' behavior was not completely stationary even the nervous system, suggesting that neuronal plasticity is the rule rather than an exception. when the mean CC had reached the plateau. After completion of the present study, one of the monkeys was used for a follow-up experiment where the two force fields were presented within the same session (DiLoKinematic versus "Load" Modulation of M1 Neurons renzo, 1999). In that experiment, the results of which will be presented elsewhere, the monkey underwent the Consistent with previous experiments, the present results provide evidence that the movement-related neufollowing sequence changes were observed. Thus, no strong claims can be made regarding the functional role of kinematic cells. Though of a smaller proportion, we also found neurons that appeared to encode the direction of movement Furthermore, when multiple parameters were considered at the same time, the large majority of neurons independently of changes in muscle activity. The percentage of kinematic cells obtained in the current study showed some change across epochs. On the other hand, our task provided a strong constraint on the activ-(9%-34%, depending on the parameter) is smaller than the 41% obtained in a study in which the direction of ity of muscles, namely a shift of the preferred direction. Indeed, the argument based on the vectorial summation movement and muscle activity was dissociated using opposing and assisting torque load (Crutcher and Alexof the force exerted by muscles and the force exerted by the manipulandum (illustrated in Figure 1D) (kinematic cells, 34%). In this regard, it is also noteworchanges of speed can be rejected. Furthermore, it can be shown that, independently of the shape of v(), the thy that in the present study the monkeys were not only switching between different dynamic environments, but homogeneous distribution of neuronal preferred directions in all three epochs is sufficient to exclude this were also learning a new force field. The kinematic cells were thus not only noncorrelated with the dynamics of hypothesis. We also performed a correlation analysis on a cell-by-cell basis. For each cell, we computed the the movements, but also "resistant" to a motor learning experience.
corresponding speed tuning curve v() and its Pd. Then we studied the correlation between changes of neuronal Pd and changes of the corresponding speed Pd, sepaChanges of Average Firing Frequency rately for each pair of epochs (Force-Baseline, WashoutChanges of neuronal activity across behavioral epochs Force, and Washout-Baseline). For a cell to participate occurred in the preferred direction (Pd), the average in this analysis, we imposed the conditions of directional firing frequency (Avf), and the tuning width (Tw). At the nonuniformity on both the neuronal and the speed tuning population level, we noted a general increase of the Avf curves (condition pR Ͻ 0.05, Rayleigh test). When deas the monkey performed across the three behavioral fined, the changes of speed Pd were essentially at ranepochs. The fact that the Avf continued to increase in dom. Consistently, none of the three correlations was the Washout suggests that factors other than the load significant (all r 2 Ͻ 2%). We conclude that changes of imposed by the external force should be considered.
neuronal Pd do not correlate with fluctuations of speed. One possibility is that this increase is related to the To test for changes of average speed across epochs, adaptation process, similar to the shift of Pd. An alternawe first combined the data of both monkeys and both tive explanation, however, is that the monkeys became force fields (91 days total). We found no changes in the fatigued as they continued the task, such that more Force compared to the Baseline (mean ϭ 2%, p ϭ 0.13), cortical output was required to generate muscle conand a modest increase in the Washout compared to the tractions adequate for movement. In a study in which Force (mean ϭ 5%, p ϭ 0.03). We then investigated on the activity of motor cortex neurons was recorded in a cell-by-cell basis whether the change in neuronal Avf monkeys trained to perform self-paced isometric concorrelated with speed fluctuations. For each pair of tractions, 50% (13/26) of the neurons increased and epochs, we computed the correlation between the 31% (8/26) decreased in discharge frequency during changes of neuronal Avf and the changes of average muscle fatigue (Belhaj-Saif et al., 1996) . Therefore, we speed. None of these were significant (all r 2 Ͻ 14%). cannot rule out the possibility that the change of Avf We conclude that the changes of neuronal Avf do not observed in the current study reflects, at least in part, correlate with fluctuations of speed. fatigue of the cortico-motor circuitry.
As no instance satisfied both the conditions of directional nonuniformity and unimodality for both the neuMovement Speed ronal and the speed tuning curve, the correlation could It has been proposed that the activity of M1 reflects not be studied for the Tw. movement speed (Moran and Schwartz, 1999). In the Taken together, these results confirm that the kinefollowing, we explicitly address the issue of whether matics were essentially constant throughout the task speed fluctuations can explain our observations and we and that changes of neuronal activity across epochs conclude that they cannot. reflect the change of movement dynamics and the adapBecause the trajectories were essentially straight in tation to the force field. all three epochs, we referred to a modified version of the model of Moran and Schwartz: m() ϭ v() cos( Ϫ φ), where m() was the firing rate of the cell and v() was the Conclusions In conclusion, we presented a paradigm that dissociates speed. Thus, the tuning curve of cells was the product of a spatial, cosine-shaped tuning curve and a speed tunmovement kinematics from movement dynamics and motor performance from the effects of motor adaptation. ing curve v(). For each day, we computed the speed tuning curve in the three epochs. The speed profile was By choosing a specific, rotation invariant, dynamic perturbation, we were able to make stringent predictions integrated from the movement onset to the end of movement, and the tuning curves were computed as was on the effects of the perturbation on muscle activity. We then used the muscles as a framework to interpret done for neurons.
To test for uniformity of distribution across directions, the neuronal activity recorded from M1. We presented evidence of neuronal plasticity associated with dynamic we first combined all the days, separately for the two force fields. We obtained six speed tuning curves (3 adaptation and development of a new internal model. In response to the changing dynamics of the environment, epochs ϫ 2 force fields), none of which was significantly nonuniform (all pR Ͼ 0.40, Rayleigh test) . Thus, the hyneurons changed their firing rate and spatial tuning properties. Plastic changes outlasted the exposure to pothesis that changes of neuronal Pd correlate with Electrical microstimulations were performed in separate sessions Because our results rest upon the changes observed in tuning curves, several concerns were considered. In general, since the to verify the recording locations. A train of 20 biphasic charge balanced pulse pairs (pulse width ϭ 0.1 ms, train duration ϭ 60 ms) change of Pd of neurons was consistently in the direction of the perturbing force, random sources of noise can hardly account for was delivered at 330 Hz. At most sites, muscle twitches in the shoulder and forearm were elicited with a current magnitude of 20 the alterations of neuronal activity. In addition, we analyzed only neurons with excellent recording stability, addressing the concern Amp. We manually implanted teflon-insulated wires into the pectoralis, of poor isolation. Finally, monkeys adopted a stable body position and a stereotypical arm configuration while performing the task, deltoid, biceps, triceps, and brachioradialis muscles in separate sessions. The electromyographic (EMG) activity was recorded, rectisuggesting that the changes of neuronal activity did not reflect postural changes (Scott and Kalaska, 1995, 1997; Sergio and Kafied, and integrated over the movement-related time window. The response magnitudes were normalized and submitted to the same laska, 1997). analyses used for cells. Sixteen instances of muscles were considered in the final sample (three pectoralis, five deltoid, four biceps, Statistical Analysis of Tuning Curves two triceps, and two brachioradialis).
We statistically compare the three parameters (Pd, Avf, and Tw) Both monkeys were euthanized at the end of the experiment. They across epochs using the following method. In each epoch, we rewere given an overdose of pentobarbital sodium and then perfused peatedly measure the firing rate t i of the cell for movements in the transcardially with heparinized saline, followed by buffered Formadirection i, and i ϭ 1,... In each session, we arbitrarily considered that the monkeys had reached the steady-state region after they had performed four suc- (5) (Pd), average firing rate (Avf), and tuning width (Tw). Pd was as the direction of the vector average of the tuning curve. Avf was the average of the tuning curve. Tw was the angle over which the firing frequency was higher than half the maximum of the tuning curve. The Tw was not defined for multimodal cells, for which the directions We are left with the problem of comparing two Gaussian variables, for which we have the measures of the mean values and the estiwith firing frequency higher than half the maximum were noncontinuous.
P(m i
mates of the variances. This can be done with a conventional z test. 
